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Abstract. The hypothesis that dark matter is converted into visible particles in active galactic nuclei is 
investigated. If dark matter consists of stable superheavy neutral particles and active galactic nuclei are 
rotating black holes, then, due to the Penrose process, superheavy particles can decay into unstable particles 
with larger mass, whose decay into quarks and leptons leads to events in cosmic rays observed by the Auger 
group. Similar processes of decay of superheavy particles of dark matter into visible matter occurred in the 
early Universe. Numerical estimates of the processes in active galactic nuclei and in the early Universe are 
given. 
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1. INTRODUCTION 

Recently the Auger group for observation of cos- 
mic rays claimed [1] that 27 events with ultra high 
energy E > 57 x 10 18 eV were observed. Some 
correlation of these ultra high energy cosmic rays 
(UHECR) with the distribution of nearest active 
galactic nuclei (AGN) was also observed. 

In our previous papers [2] we tried to explain 
these events by the hypothesis investigated by us [3] 
and some other authors [4] that dark matter con- 
sists mainly of neutral stable superheavy particles 
with masses of the order of the Grand Unification 
(GU) scale My = 10 14 - 10 15 GeV. The argument 
for this was due to numerical estimate obtained ear- 
lier [51 [6] that gravitation of the early expanding Uni- 
verse could produce the observable number of visible 
particles (the Eddington number) if it first created 
from vacuum superheavy particles which then de- 
cayed into visible ones but part of them survived till 
today as dark matter. 

Supposing that similar to A°-meson theory, su- 
perheavy particles can exist in two forms, the long- 
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living component existing today and the short-living 
one, which decayed in the early Universe, it is inter- 
esting to investigate the idea that in AGN the pro- 
cess of converting long-living components into short- 
living ones, decaying into visible particles, can occur. 
As it was said in [2J, this can be the Penrose pro- 
cess in rotating black holes [7|. As it is known, in 
this process the superheavy particle in ergosphere of 
the rotating black hole can decay into two particles: 
one with the negative energy, the other with positive 
energy. So it is possible that the particle with posi- 
tive energy can have a larger mass than the decaying 
one. Calling these particles Xi and X s , one can have 
mx, < rnx s ■ In this sense, such situation is different 
from the usual i^°-meson theory with m_R-, > nT>K a ■ 
Then X s decays into quarks and leptons of super- 
high energies. The flow of these particles escapes 
the AGN, and some of them come to the Earth. 

It is clear that in ordinary space, as well as in 
galactic nuclei which are not rotating black holes, 
this process cannot be observed and dark matter is 
stable. 

The structure of the paper is the following. First 
we analyze the Penrose process in AGN as rotating 
black holes. Then we repeat our arguments on the 
role of superheavy particles in the early Universe. 
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2. Superheavy particles as 
sources of UHECR from 
active galaxy nuclei 

Let us give some numerical estimates of the con- 
version of superheavy particles into UHECR in ac- 
tive galactic nuclei. The Auger group detected 27 
UHECR with energies higher than 57 x 10 18 eV. The 
integrated exposure of the Auger observatory for 
these data is 9.0 x 10 3 km 2 sryear. The Auger group 
found the correlation of UHECR with nearby active 
extragalactic objects [JJ. There are 318 AGN in the 
field of view of the Observatory at distances smaller 
than 75Mpc. It is easy to see that if these AGN are 
distributed uniformly and have the same intensity 
of UHECR radiation, each of the AGN must radi- 
ate approximately j = 10 39 UHECR per year. The 
distance of propagation of UHECR is limited by the 
Greizen-Zatsepin-Kuzmin limit [8] and for a proton 
with an energy of the order 8 x 10 19 eV this distance 
cannot be larger than 90Mpc. 

Due to the Auger results, the source of 2 particles 
of superhigh energy is the AGN Centaurus A located 
at 11 million of light years from the Earth. It is 
easy to calculate that for the integral exposure of the 
Auger observatory this AGN must radiate j w 3 x 
10 37 UHECR per year. 

There is no well established theory explaining 
the origin of cosmic particles with energies higher 
than 10 18 eV in AGN. Our hypothesis is that these 
UHECR in AGN arise due to superheavy dark mat- 
ter particles converted into quarks and leptons at 
high energies obtained by them close to the super- 
massive black hole horizon of the AGN. Superheavy 
dark matter particles with a mass M = 10 14 GeV 
ps 2 x 10~ 10 g, fall onto the black hole, so that if 
100 % of these particles are converted into UHECR, 
then it's mass must have the order of Mj ~ 10 28 g. 
Even if only r] = 10~ 4 of the total mass of super- 
heavy particles close to the horizon is converted into 
ordinary particles, the whole mass of dark matter 
Am a = Mj/rj needed to obtain the same current 
is much lower than the mass of the ordinary matter 
accreted onto the black hole, leading to its observed 
light radiation. 

The source of the UHECR energy is the decay of 
superheavy particles at the GU energies into quarks 
and leptons which, according to our reasoning in 
Part [3] of our paper, led to the origination of the 
baryon charge of the Universe. The mass of a super- 
heavy particle is converted into the energy of light 
particles whose flow can come from the black hole to 
the Earth similarly to photons. The black hole plays 



the role of a cosmic accelerator or supercollider cre- 
ating the conditions for transforming the long-living 
component of A-particles into short living and its 
decay. 

Now let us evaluate the density of dark matter 
needed to form the observed UHECR flow. Sup- 
pose that dark matter is uniformly distributed with 
a density typical for the ordinary matter in cen- 
tral parts of the galaxies, p = 10~ 20 g/cm 3 . Let 
us take the typical velocities of dark matter parti- 
cles at large distance from the central black hole as 
Woo ~ 10 8 cm/s (these are stellar velocities in the 
central parts of galaxies). The capture cross-section 
for nonrelativistic particles by a Schwarzschild black 
hole is given by (see Eq. (3.9.1) in [9]) 

«-*(£)'<>.. m 

Here r g is the horizon radius of the black hole. 

The capture cross-section for a rotating black hole 
is of the same order j9j. Taking M B H = 10 8 M© (M© 
is solar mass), one obtains for the velocity of the 
dark matter accretion onto the black hole Am a = 
Cc^ooP ~ 3 x 10 28 g/year, which is consistent with 
our evaluation of the Auger observation j w 10 38 
UHECR/year. This nontrivial coincidence can be 
an argument for our reasoning. 

One must mention that conversion of dark matter 
into UHECR is effective only for objects with large 
quantity of the diffuse dark matter close to the black 
hole. This situation can occur only in AGN and is 
improbable for ordinary galaxies. From (fT]) one can 
see that capture of dark matter by a black hole is 
proportional to the square of black hole mass, so 
that the UHECR flow from a black hole of stellar 
masses is negligible. 

We have no observation data for the distribution 
of dark matter in central regions of galaxies with 
AGN. If one takes for the distribution density of dark 
matter the numerical profiles 

P{r) = (r/r o ni + r/r o )*-0 (2) 

with (3—1 for Navarro- Frenk- White profile [ID] . 
(3 = 1.5 for Moore profile, r$ = 45kpc, po = 
10~ 24 g/cm 3 [IT], then one again obtains Am a ~ 
2 x 10 28 - 10 30 g/year. 

So our estimate leads to a reasonable number for 
the accretion of supermassive dark matter particles 
onto a black hole. This dark matter can be con- 
sidered to be a source of UHECR arising from the 
decay of supermassive particles into visible matter 
close to the horizon of a supermassive black hole. 
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The maximum energy of the observable cosmic 
rays is not higher than 3 x 10 20 eV. Note that the 
absence of observations of cosmic rays with higher 
energy does not contradict the hypothesis that the 
source of UHECR is the decay of superheavy par- 
ticles of the mass of the order M = 10 14 GeV near 
the horizon of the central black holes in AGN. The 
observable luminosity of AGN is 10 43 — 10 48 erg/s 
close to the centre. In such a dense flow of radiation 
protons of ultrahigh energy will have many photo- 
nuclear collisions leading to large energy decrease 
(see, e.g., Q3, ch.4, §5). 

Now let us discuss the possible physical mecha- 
nism of conversion of dark matter into visible matter 
in AGN. It is reasonable to think that AGN, unlike 
other black holes, are rapidly rotating supermassive 
black holes with an angular momentum close to the 
critical value. Then one has the well-known Pen- 
rose mechanism [7]. An incoming particle in the 
ergosphere decays into two or more particles, one 
with negative energy goes inside the black hole while 
other particles with the opposite momentum and an 
energy larger than the incoming one go to the am- 
bient space. 

A new feature of this process is that a long-living 
particle of dark matter can decay into a particle of 
larger mass which can be identified with the short- 
living component X s decaying into particles of visi- 
ble matter — quarks and leptons, as it had happened 
according to our scenario in the early Universe. If 
the energy transfer in such process is larger than the 
GU scale, then neither the baryon charge nor the 
conserved charge of dark matter particles are con- 
served. Note that similar processes of decay into a 
particle of larger mass than that of the initial one 
(forbidden in Minkowski space) could occur in the 
early expanding Universe [14] , [15j . CPT-invariance 
is broken in such processes as the consequence of 
breaking of T-invariance in a nonstatic metric. 

Let us give some necessary formulas and esti- 
mates. The Kerr metric of a rotating black hole 
in the Boyer-Lindquist coordinates has the form 



given by 
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where to is the black hole mass, am is the angular 
momentum (a < to). Here we use units G = c = 1. 
At the event horizon 
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The ergosphere is the region of space-time between 
the horizon and the stationary limit surface. Inside 
the ergosphere, the Killing vector of time translation 
(1,0,0,0) becomes the spacelike, and the energy of 
a particle in this region measured by the observer in 
infinity can be negative. This leads to a possibility 
of the physical process of getting the energy from 
a rotating black hole. However there are some con- 
straints on this energy. In case of particle decay, one 
has the Wald inequality (see, e.g., [13], §65). 

If E u is the specific energy (energy /rest- mass) of 
a particle falling onto a black hole, e and v are the 
specific energy and relative velocity of one of the 
fragments into which the particle decayed, then 
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(6) 

where 7=1/ y/\ — \v\ 2 and rjj < r < r*o . 

Let us consider the initial particle falling onto the 
black hole to be nonrelativistic far from from the 
black hole, i.e. E ss 1. If the initial particle of 
mass M decays into two particles one of which is a 
light particle with mass then one can take |u| ~ 1 
and 7 w M/2/i. So one gets a constraint on the 
additional energy (mass) of the other fragment: 



(7) 



So one can obtain the following estimate of the addi- 
tional energy (mass) obtained in the process of decay 
of the massive particle into light and heavier parti- 
cles in the ergosphere of a black hole with the specific 
angular momentum a: 
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The surface called the stationary limit surface is 



The maximal value AEm ~ M(v2— 1)/2 is achieves 
for a black hole with an angular momentum close to 
the critical value a — to. Full description of the 
process needs some S-matrix theory. 

If the mass of short-living V s -particles is larger 
than the mass of long living ones, then their cre- 
ation in the Penrose process and consequently the 
appearance of the UHECR in decays of the short liv- 
ing component of V-particles will be obtained only 
for rapidly rotating black holes. 

So the necessary condition for the Penrose mech- 
anism — ultra relativistic movement of decay prod- 
ucts as well as condition for converting of superheavy 



4 



ACTIVE GALACTIC NUCLEI AND TRANSFORMATION OF DARK MATTER 



dark matter particles into quarks and leptons, i.e., 
large value of the relative energy-momentum in in- 
teraction of these particles, can be fulfilled in process 
under consideration. Outgoing particles with energy 
larger than the Grand Unification scale can collide 
with other superheavy particles and ordinary mat- 
ter. As a result, macroscopic amount of dark matter 
can be "burnt" close to AGN and create UHECR. 
So AGN can work as a large cosmic collider. 

3. Superheavy particles in the 
early Universe 

The total number of massive particles created in 
the Friedmann radiation-dominated Universe (with 
the scale factor a(t) = clq t 1 / 2 ) inside the horizon is, 
as it is known [5], 



A = n^(i)a 3 (£) = b (s) M 3 ' 



2 „3 



(9) 



where m 5.3 x 1(T 4 for scalar and b (1 / 2 '> 3.9 x 
1CU 3 for spinor particles. It occurs that N ~ 10 80 
for M ~ 10 14 GeV [BJ. The radiation dominance at 
the end of inflation era for dark matter is important 
for our calculations. If it is dust-like, the results will 
be different (see further). However, this radiation is 
formed not by our visible particles. It is quintessence 
or some mirror light particles, not interacting with 
ordinary particles. 

For the time t ^> M _1 , there is a transition era 
from a radiation-dominated model to a dust model 
of superheavy particles, 
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where Mpi wl,2x 10 9 GeV is the Planck mass. If 
M ~ 10 14 GeV, t x ~ 10~ 15 s for scalar and t x ~ 
10 -17 s for spinor particles. 

Let us call tx the "early recombination era" . 

The formula for created particles in the volume 
a 3 (t) can be written as 



N(t) 



a(tc) 
tc 



(11) 



where tc = l/M is the Compton time, b^' depends 
on the form of a(t). From (fTTj) one can see the ef- 
fect of connection of the number of created particles 
with the number of causally disconnected parts on 
the Friedmann Universe at the Compton time of its 
evolution. 

For scale factor a(t) = a^t" from Eq. (fTTj) it fol- 
lows that N = &WM 3 ( 1-a )ag. Therefore for a 
dust-like end of inflation era one has N ~ M, and 



the ratio of the A-particles energy density ex to the 
critical density e cr it is time-independent (ex < £crit 
for M < Mpi). 

Let us define d, the permitted part of long- 
living V-particlcs, from the condition: at recombi- 
nation time t rec in the observable Universe one has 
de x (trec) = £crit(t rec ) . It leads to 
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For M = 10 13 - 10 14 GeV one has d « 1CT 12 - 10~ 14 
for scalar and d « 10~ 13 — 10~ 15 for spinor particles. 
So the lifetime of the main part or all A-particles 
must be smaller or equal than tx- 

Earlier we constructed, by analogy with the K°- 
meson theory, a model [5] which can give: (a) short- 
living A-particles decay at the time r s < tx (more 
wishful is t s ~ tc ~ 10 -38 — 10 -35 s, i.e., the Comp- 
ton time for V-particles) ; (b) long-living particles 
decay with 77 > l/M. Remaind that in order to 
have mx, < tux one must take A > in Eq. (7) 
of 0. 

If 77 is larger than the GU symmetry breaking 
time, it can happen that some quantum number sim- 
ilar to a baryon charge can be conserved, leading to 
some effective time r ; cff > txj « 4.3 x 10 17 s (tjj is the 
age of the Universe). The small d ~ 10~ 15 — 10 -12 
part of long-living A-particles with 77 > tjj forms 
the dark matter. 

For tf < 10 27 s one could have the observable flow 
of UHECR from the decay in our Galaxy [16] . But 
in this case one must get a strong anisotropy in the 
direction to the center of the Galaxy [11] . However, 
Auger experiments do not show such an anisotropy, 
and one must suppose tf s > 10 27 s. 

In our papers [3]we considered observable entropy 
of the Universe production due to decay of of X- 
particles. To get the observable value of the en- 
tropy, it is sufficient to suppose the interaction of 
the long-living component of A-particles with the 
baryon charge (i.e. ordinary matter). Then if we in- 
troduce the effective Hamiltonian of such interaction 
with baryon matter as 



H d = 





-17 



(13) 



one can write this parameter as being proportional 
to the concentration of particles: 7 = an^ s \t). 
Then 

-31nd Mh 
128tt(M*)) 2 M 4 ' 1 ' 

For M = 10 14 GeV and d = KT 14 one obtains a w 
10~ 40 cm 2 . Thus such a mechanism of decay of the 
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long-living component of V-particles was important 
in the early Universe at time tx- In the modern 
era, due to smallness of the interaction cross-section 
and concentration of V-particles, this mechanism of 
decay does not give non-negligible contribution to 
the observable UHECR flow. 

The observed entropy in this scenario originates 
due to transformation of V-particles into light par- 
ticles: quarks, antiquaries and some particle similar 
to A in if°-meson theory, having the same quan- 
tum number as V. Baryon charge is created close 
to the time t s , which can be equal to the Compton 
time of V-particles t c ~ 1CT 38 - 1(T 35 s. 

Our scheme can also work for spinor particles. 
Then it is possible to investigate some version of 
the see-saw mechanism |18) for Majorana neutrinos 
in GU theory, so that heavy sterile neutrinos form 
the dark matter. 
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